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Polymers  of  intrinsic  microporosity  (PIMs)  are  a  group  of  polymers  with  molecular  sieve  behaviour  due 
to  their  rigid,  contorted  macromolecular  backbones.  They  show  great  potential  in  organophilic  perva- 
poration,  solvent-resistant  nanofiltration  and  gas  and  vapour  separations.  However,  they  are  susceptible 
to  physical  ageing,  leading  to  a  reduction  in  permeability  over  time.  An  improvement  in  membrane 
permeability,  control  over  diffusion  selectivity  and  a  reduction  of  the  effect  of  physical  ageing  is  expected 
by  adding  graphene  as  a  nanofiller. 

Little  is  experimentally  known  about  how  the  material  disperses  in  the  polymer.  Here  we  used  Raman 
spectroscopy,  scanning  transmission  electron  microscopy  (STEM)  and  electron  energy  loss  spectroscopy 
(EELS)  to  study  the  composite  membrane's  structure.  Our  results  show  that  both  STEM  and  Raman 
spectroscopy  are  able  to  identify  the  presence  of  graphene-based  material  in  the  composite.  We  show 
that  STEM,  through  medium  angle  annular  dark  field  (MAADF)  or  EELS  imaging,  can  be  exploited  to 
obtain  information  on  the  morphology  and  the  thickness  of  the  flakes.  Our  results  indicate  that  there  is 
strong  re-agglomeration  of  initially  exfoliated  graphene  in  solution  when  forming  the  composite.  This  is 
expected  to  produce  strong  changes  in  the  mechanical  properties  and  the  physical  ageing  of  the 
membrane. 

©  2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY  license 

(http://creativecommons.Org/licenses/by/4.0/). 


1.  Introduction 

Graphene  is  a  two  dimensional  allotrope  of  sp2  bonded  carbon 
atoms  in  a  hexagonal  honeycomb  structure,  or  more  simply,  a 
single  layer  of  graphite  [1].  Graphene  has  attracted  great  interest 
due  to  its  remarkable  properties,  such  as  high  charge  mobility 
[2-4],  thermal  conductivity  [5],  and  mechanical  stability  and 
elasticity  [6  .  Micro-mechanical  exfoliation  (MME)  of  graphite  is  a 
relatively  simple  and  low  cost  method,  but  this  process  is  not  mass- 
scalable  and  therefore  not  compatible  with  industrial  needs  [7]. 

Amongst  several  methods  of  graphene  production,  liquid-phase 
exfoliation  (LPE)  shows  great  potential  as  a  mass-scalable  and  low- 
cost  approach  for  industrial  production  [7-9].  Furthermore,  it  can 
be  extended  to  other  2D  crystals  [10].  Although  LPE  graphene  is 
considered  to  be  of  “poor  quality”  for  applications  in  electronics 


*  Corresponding  author. 

E-mail  address:  cinzia.casiraghi@manchester.ac.uk  (C.  Casiraghi). 


[7,11],  it  shows  great  potential  in  other  applications:  it  can  be  used 
as  inks,  paints,  and  for  production  of  membranes  and  composites 
[7].  In  particular,  mixing  a  nano-level  dispersion  of  graphene 
platelets  in  a  polymer  matrix  is  a  simple  and  cost-effective  method 
that  can  bring  significant  improvement  to  the  properties  of  the 
polymer.  The  high  surface-to-volume  ratios,  relatively  low  pro¬ 
duction  cost,  and  the  unique  properties  of  graphene  make  this 
material  very  attractive  as  a  filler  for  composites. 

In  this  work,  we  have  investigated  a  new  class  of  polymers  to 
combine  with  graphene:  polymers  of  intrinsic  microporosity  (PIMs) 
[12].  These  are  obtained  by  forming  a  backbone  that  has  no 
freedom  to  change  conformation,  yet  is  sufficiently  contorted  to 
prevent  dense  packing  [13].  Here  we  focus  on  highly  fluorescent 
spiropolymer,  PIM-1,  whose  structure  is  shown  in  Fig.  1.  PIM-1 
shows  particularly  high  molecular  mass  and  good  solubility 
amongst  various  members  of  PIMs  [12].  Despite  its  rigid  structure, 
PIM-1  is  freely  soluble  in  some  organic  solvents,  allowing  con¬ 
ventional  solution-based  polymer  processing  techniques  to  be 
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applied,  i.e.  robust,  self-standing  films  of  high  optical  clarity  and 
high  surface  area  can  be  prepared  simply  by  casting  from  solution 
[12].  Moreover,  the  microporous  structure  and  the  chemical  func¬ 
tionalities  of  PIM-1  create  a  high  capacity  for  gas  uptake,  with  high 
gas  permeability  and  high  selectivity  [12,14-16],  and  makes  this 
material  highly  suitable  for  use  in  organophilic  pervaporation 
[17,18]  and  solvent-resistant  nanofiltration  [19,20]. 

PIM-1,  like  other  highly  permeable  glassy  polymers,  is  also 
susceptible  to  physical  ageing  21  ].  This  is  caused  by  the  decrease  in 
the  free  volume  over  time  and  can  lead  to  decay  of  the  membrane's 
permeation  performance.  The  addition  of  a  nanofiller  such  as  gra¬ 
phene  can  help  to  reduce  this  detrimental  structural  change  22]. 
Moreover,  carbon-based  nanofillers  in  PIM-1  have  been  shown  to 
improve  the  membrane  permeability  and  to  provide  control  over 
diffusion  selectivity  [23,24].  The  effect  of  the  nanofiller,  however,  is 
expected  to  depend  strongly  on  how  it  interacts  with  the  polymer. 
For  LPE  graphene,  this  will  also  depend  on  the  properties  of  the 
dispersion,  such  as  the  concentration  of  graphene  and  size  and 
thickness  distribution  of  the  nanosheets. 

Characterization  of  the  structural  morphology  is,  therefore, 
crucial  to  gain  an  effective  understanding  of  the  structure-property 
relationships  of  the  composite.  Obtaining  such  structural  infor¬ 
mation,  however,  is  experimentally  challenging.  For  example,  it 
may  be  difficult  to  detect  the  Raman  signal  of  graphene  due  to  the 
typical  fluorescence  produced  by  the  polymer,  damage  may  be 
observed  due  to  the  laser  power  or  the  signal  of  graphene  may  not 
be  detectable,  in  particular  at  very  low  filler  concentration.  In  the 
cases  of  TEM  and  STEM,  very  little  contrast  is  typically  obtained: 
traditional  diffraction  contrast  imaging  requires  flakes  to  be 
correctly  oriented  with  respect  to  the  electron  beam  and  has  a  poor 
signal  to  noise  ratio  due  to  the  weak  diffraction  in  the  graphene 
nanosheets  relative  to  the  much  greater  volume  of  amorphous  PIM- 
1  matrix  material.  The  popular  high  angle  annular  dark  field 
(FIAADF)  STEM  imaging  mode  also  shows  poor  contrast  as  a  result 
of  the  similar  atomic  numbers  of  graphene  and  PIM-1.  On  top  of 
that,  the  preparation  of  a  representative,  suspended  film  sample 
thin  enough  to  allow  TEM  or  STEM  imaging  presents  practical 
difficulties. 

In  this  work  we  demonstrate  the  first  extensive  characterisation 
of  PIM-1  /Graphene  (PIM-1 /Gr)  composites  using  Raman  spectros¬ 
copy  and  STEM  imaging.  Raman  spectroscopy  shows  that  the  filler 
is  not  single-layer,  but  most  likely  composed  of  re-aggregated 
graphene  flakes,  with  restacking  occurring  either  in  the  initial 
dispersion  or  during  the  formation  of  the  membrane  as  solvent 
evaporates.  STEM  investigations  confirm  these  results  and  bring 
deeper  insights  into  the  morphology  of  the  graphene  flakes  as  well 
as  their  distribution  within  the  polymer  matrix.  We  also  show  that 
EELS  can  be  used  to  get  precise  structural  information  regarding  the 
flakes  morphology,  the  presence  of  defects  and  the  number  of 
layers.  Our  results  suggest  that  higher  graphene  concentration 
could  be  detrimental  to  the  composite  properties  of  the  material,  as 
this  will  increase  the  tendency  of  the  flakes  to  restack.  Lower 


concentrations  (<0.05  mg/ml  for  the  typical  volumes  used  in  this 
work)  are  expected  to  minimize  the  risk  of  restacking  and  could 
also  improve  permeability,  by  increasing  the  polymer  free  volume. 

2.  Experimental 

2.1.  Material  preparation 

Pure  graphene  dispersions  were  prepared  by  adding  6  mg/ml  of 
graphite  (Graphexel  ltd.)  to  100  ml  of  chloroform  (Sigma-Aldrich), 
bath-sonicating  for  84  h  and  then  centrifuging  the  solution  at 
10000  rpm  (7378  g)  for  20-30  min.  After  centrifugation,  only  the 
top  layer  of  the  well-dispersed  solution  was  preserved  for  further 
investigation.  We  used  similar  conditions  (sonication  time,  power, 
etc)  as  reported  in  previous  works  on  liquid-phase  exfoliation 
[8,10]. 

Fig.  2  summarises  the  method  used  to  prepare  the  PIM-1 /Gr 
composites.  To  produce  the  PIM-1 /graphene  composite  disper¬ 
sion,  PIM-1  powder,  prepared  following  the  low- temperature 
method  described  in  Ref.  [25]  was  dissolved  in  chloroform  and 
then  processed  following  a  similar  process  as  described  for  the  pure 
graphene  dispersions,  but  with  a  sonication  time  of  72  h  and  a 
centrifugation  time  of  30  min.  Pure  PIM-1  and  PIM-1  /Gr  composite 
membranes  were  prepared  by  simple  casting  of  the  solutions  in 
glass  petri  dishes  and  allowing  the  solvent  to  evaporate  under 
ambient  conditions. 

2.2.  Characterization 

2.2.1.  UV—Vis  spectroscopy 

The  final  concentration  of  graphene  in  the  dispersions  (both 
pure  graphene  and  the  PIM-1 /Gr  composites)  was  determined  us¬ 
ing  UV-Vis  spectroscopy.  The  UV-Vis  spectrum  of  graphene  ap¬ 
pears  flat  and  featureless  in  the  visible-IR  region  [8],  so  the 
absorption  is  measured  at  660  nm  for  estimation  of  the  graphene 
nanosheet  concentration  using  the  Beer-Lambert  law.  Despite  the 
extensive  work  done  towards  accurately  estimating  the  absorption 
coefficient,  this  is  still  the  subject  of  considerable  debate,  showing 
much  variance  in  different  studies  [26].  Throughout  this  study,  an 
absorption  coefficient  of  2460  L  g-1  m-1  was  used  for  estimating 
the  graphene  concentration  [27-29].  A  Perkin-Elmer  1-900 
UV-Vis-NIR  spectrophotometer  was  used  to  acquire  the  spectra. 

2.2.2.  Raman  spectroscopy 

Raman  measurement  was  performed  using  a  Renishaw  Invia 
Raman  spectrometer  equipped  with  514  nm  and  633  nm  excitation 
lines  and  a  1.0  mW  laser  power.  Pure  graphene  dispersions  were 
drop  cast  onto  silicon  substrates  and  Raman  measurements  were 
taken  with  514  nm  laser,  100X  NA0.85  objective  lens  and  2400 
grooves/mm  grating.  PIM-1 /Gr  composite  samples  were  measured 
with  633  nm  laser  and  1200  grooves/mm  grating.  In  the  case  of  the 
composite  materials,  the  samples  were  drop-cast  or  spin-coated 
onto  a  silicon  substrate.  Typically  20-50  Raman  spectra  were  ob¬ 
tained  for  each  sample. 

2.2.3.  STEM 

The  samples  were  obtained  by  first  spin  coating  the  dispersion 
onto  a  glass  substrate,  then  immersing  the  sample  in  deionized 
water,  causing  the  film  to  float  off  the  glass  and  become  suspended 
on  the  surface  of  the  water.  The  thin  composite  membrane  was 
then  fished  from  the  surface  onto  a  holey  carbon  mesh  or  Quantifoil 
TEM  support  grid. 

Aberration  corrected  STEM  and  EELS  imaging  were  performed 
on  a  FEI  Titan  80-200  ChemiSTEM  equipped  with  a  probe-side 
aberration  corrector  and  an  X-FEG  electron  source.  The 
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Fig.  2.  Schematic  of  the  LPE  process  used  to  prepare  PIM-1 /graphene  dispersions.  (A  colour  version  of  this  figure  can  be  viewed  online.) 


experiment  was  performed  using  an  acceleration  voltage  of  200  kV, 
a  beam  current  of  150  pA  and  a  convergence  angle  of  21  mrad.  EEL 
spectra  were  acquired  using  a  GIF  Quantum  with  an  energy 
dispersion  of  0.1  eV  and  a  collection  angle  of  62  mrad,  providing  an 
effective  energy  resolution  of  1.2  eV.  The  pixel  time  used  for  EEL 
spectrum  imaging  was  50  ms.  For  STEM  imaging,  different  detector 
configurations  were  used:  in  standard  imaging  mode,  the  bright 
field  (BF)-  and  medium  angle  annular  dark  field  (MAADF)  collection 
angles  were  0-8  mrad  and  33—162  mrad  respectively,  while  in 
spectroscopy  imaging  mode  the  high-angle-annular-dark-field 
(HAADF)  collection  angle  was  62-140  mrad. 

The  planar  sp3  content  is  defined  as  IG*/(Ia*+  V)  with  Ia*  and  V 
being  the  a*  and  tz*  peak  intensities  respectively,  obtained  by 
fitting  Gaussian  functions  to  the  corresponding  peaks  in  the  EELS 
C-I<  edge  [30].  Data  analysis  has  been  performed  using  Python  and 
the  HyperSpy  library  [31].  The  thickness  of  the  specimen  was 
measured  using  the  EELS  log-ratio  technique  32].  The  inelastic 
mean  free  path  was  calculated  using  the  method  of  Iakoubovskii 
et  al.  and  assuming  a  density  of  PIM-1  of  0.85  g  cm-3  [33]. 

3.  Results  and  discussion 

3.1.  PIM-1 /graphene  dispersions 

Three  sets  of  PIM-1 /graphene  dispersions  with  different 
composition  ratio  were  produced  (Table  1 ).  In  set  A,  the  total  initial 
concentration  of  PIM-1  and  graphite  was  held  constant  at  12  mg/ml 
for  five  different  composition  ratios  between  PIM-1  and  graphite 
(PIM-1 /Gr).  Additionally,  graphene  dispersion  in  chloroform 
without  PIM-1  is  included  in  set  A  and  labelled  as  sample  A0.  In  set 
B,  the  initial  concentration  of  PIM-1  was  held  constant  at  15  mg/ml 
and  different  ratios  were  obtained  by  changing  the  initial  graphite 
concentration.  Note  that  in  set  B,  the  concentration  of  PIM-1  was 


determined  as  the  optimum  PIM-1  concentration  to  form  a  uniform 
membrane  in  a  glass  petri  dish  by  simple  casting.  In  set  C,  the  initial 
graphite  concentration  was  held  constant  at  1.2  mg/ml  for  four 
different  composition  ratios.  This  set  was  made  with  lower  initial 
graphite  concentration  as  we  observed,  when  preparing  sets  A  and 
B,  that  the  use  of  smaller  amount  of  graphite  produces  more  stable 
composite  dispersions  (Table  1). 

Fig.  3  shows  images  of  the  dispersions  obtained  and  the  corre¬ 
sponding  composite  membranes.  Note  that  PIM-1  has  a  fluorescent 
yellow-green  colour  so  the  dispersion  changes  from  yellow-green 
to  dark-green,  to  nearly  black,  depending  on  the  relative  concen¬ 
tration  of  graphene  nanosheets.  The  concentration  of  the  graphene 
nanosheets  in  the  dispersions  was  estimated  using  UV-Vis  ab¬ 
sorption  spectroscopy.  PIM-1  shows  strong  absorbance  between 
200  nm  and  500  nm,  but  no  absorbance  around  660  nm  (Fig.  4). 
Therefore,  the  graphene  concentration,  Ccraphene.  is  estimated  by 
measuring  the  absorption  at  660  nm  and  using  an  extinction  co- 
efficient  of  2460  L  g_1  m"1  [27-29], 

For  comparison,  graphene  dispersions  were  also  made  without 
PIM-1  using  exactly  the  same  process.  The  typical  concentration  of 
graphene  nanosheets  obtained  for  these  control  solutions  was  very 
small  (Table  1,  sample  A0).  This  is  in  agreement  with  LPE  theory, 
which  places  chloroform  in  the  list  of  “poor  solvents”  [34].  In  the 
framework  of  LPE,  a  solvent  is  able  to  effectively  exfoliate  graphite 
only  when  its  surface  tension  is  close  to  the  surface  tension  of 
graphene  (35-45  mj  m-2)  [8].  Chloroform  has  a  surface  tension  of 
27  mj  m-2  at  ambient  conditions  [35];  therefore,  this  solvent  is  not 
able  to  provide  a  high  yield  of  stable  graphene  nanosheets  in 
dispersion.  However,  chloroform  is  one  of  a  few  solvents  in  which 
PIM-1  is  soluble  [12,36]. 

Table  1  also  shows  the  graphene  exfoliation  yield,  which  is 
calculated  as  the  ratio  between  the  concentration  of  graphene 
measured  by  absorption  spectroscopy  and  the  concentration  of 


Table  1 

Concentration  of  PIM-1,  graphite  and  graphene  for  each  sample  produced  in  this  work.  In  Set  A  the  total  initial  concentration  of  PIM-1,  GiPiM-i,  and  graphite,  Graphite,  was  kept 
constant;  In  Set  B,  GjPiM-i  was  kept  constant;  In  Set  C,  Graphite  was  kept  constant.  The  exfoliation  yield  was  calculated  as  the  ratio  between  the  concentration  of  graphene 
measured  in  the  dispersion  and  the  amount  of  graphite  used  (CGraphene/G,GraPhite)-  Volume  ratio  between  graphene  and  PIM-1  is  shown  in  percentage. 


Set 

Gr:PIM-l 

G, graphite 
(mg/ml) 

G.PIM-l 

(mg/ml) 

G.graphene 

(mg/ml) 

Yield 

(%) 

Volume  ratio 

(%) 

Stability 

A0 

100:0 

12.0 

0.0 

0.032 

0.27 

Sedimentation 

Al 

95:5 

11.4 

0.60 

0.40 

3.5 

32 

Stable 

A2 

70:30 

8.40 

3.60 

0.21 

2.5 

2.8 

Stable 

A3 

50:50 

6.02 

6.02 

0.14 

2.3 

1.1 

Stable 

A4 

30:70 

3.60 

8.42 

0.23 

6.4 

1.3 

Stable 

A5 

5:95 

0.62 

11.4 

0.04 

6.4 

0.17 

Stable 

B1 

95:5 

285 

15.0 

1.32 

0.46 

4.2 

Sedimentation 

B2 

70:30 

35.0 

15.0 

0.49 

1.4 

1.6 

Sedimentation 

B3 

50:50 

15.0 

15.0 

0.42 

2.8 

1.3 

Sedimentation 

B4 

30:70 

6.43 

15.0 

0.31 

4.8 

0.99 

Sedimentation 

B5 

5:95 

0.79 

15.0 

0.05 

6.3 

0.16 

Sedimentation 

Cl 

10:90 

1.21 

10.8 

0.031 

2.6 

0.14 

Stable 

C2 

20:80 

1.22 

4.82 

0.048 

4.0 

0.48 

Stable 

C3 

30:70 

1.20 

2.79 

0.018 

1.5 

0.31 

Stable 

C4 

70:30 

1.20 

0.52 

0.023 

1.9 

2.1 

Stable 

360 
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Fig.  3.  a)  Optical  pictures  of  PIM-1 /graphene  dispersions  (top)  and  membranes  (bottom)  studied  in  this  work  (Table  1).  (A  colour  version  of  this  figure  can  be  viewed  online.) 


Wavelength  (nm) 

Fig.  4.  Typical  UV-Vis  spectrum  of  diluted  (x32)  PIM-1 /graphene  dispersion  (A5) 
compared  with  those  of  pure  PIM-1  solution  and  pure  graphene  solution  in  chloro¬ 
form.  (A  colour  version  of  this  figure  can  be  viewed  online.) 

graphite  added  to  the  solution.  In  the  ideal  case  of  perfect  exfolia¬ 
tion,  the  concentration  of  graphene  would  be  equal  to  that  of  initial 
graphite  (i.e.  yield  equal  to  100%).  Compared  to  the  graphene 
dispersion  made  without  any  PIM-1  addition  (i.e.  sample  AO), 
addition  of  just  0.6  mg/ml  of  PIM-1  (i.e.  sample  Al)  increased  the 
yield  by  a  factor  of  ~13,  showing  that  even  a  small  concentration  of 
PIM-1  is  able  to  improve  the  exfoliation  of  graphite.  However,  one 
also  has  to  note  that  in  set  A,  the  amount  of  starting  graphite  is  not 
fixed:  the  highest  graphene  yield  is  obtained  for  samples  A4  and  A5, 
where  the  minimum  amount  of  graphite  was  used  in  the  initial 
dispersion  (Table  1 ).  Increasing  the  initial  graphite  loading  leads  to 
a  higher  final  concentration  of  graphene  in  the  membrane,  but  only 
at  the  expense  of  reduced  exfoliation  efficiency  and  an  increased 
amount  of  wasted  graphite.  This  observation  is  even  more  evident 
in  set  B,  where  the  PIM-1  concentration  is  held  constant  (Table  1). 
The  exfoliation  yield  is  higher  when  a  smaller  amount  of  graphite  is 
used  (Samples  B4  and  B5).  Note  that  sedimentation  was  not 
observed  for  any  of  the  dispersions  in  set  A  (except  sample  AO)  for 
approximately  3  months  at  ambient  conditions. 

Note  that  the  enhancement  of  graphene  exfoliation  could  be 
achieved  through  stabilization  of  graphene  sheets  in  the  solution 
via  7r-7T  interactions  between  the  graphene  sheets  and  PIM-1  hex¬ 
agonal  7r-ring.  Molecular  simulations  between  graphene  sheets  and 


PIM-1  polymer  matrix  have  shown  good  interface  adhesion  be¬ 
tween  the  graphene  sheets  and  polymer  molecules,  although  most 
PIM-1  chain  fragments  were  constrained  due  to  the  whole  rigid 
chain  structure  [23].  However,  this  simulation  was  done  for  the 
polymer  packed  in  a  membrane,  while  in  solution  there  could  be 
more  adhesive  interactions  between  freely  moving  PIM-1  mole¬ 
cules  and  graphene  sheets.  Furthermore,  the  interaction  molecule- 
solvent  is  expected  to  dominate  the  exfoliation  process  [37], 
therefore  more  modelling  is  needed  to  get  further  insights  on  the 
exfoliation  process  with  PIM-1. 

Finally  we  observed  that  when  only  a  small  amount  of  starting 
graphite  is  used  (e.g.  similar  conditions  to  sample  A5,  or  set  C 
samples)  the  dispersions  are  neither  yellow  nor  dark  green,  but 
instead  have  a  clear  brown  colour  (Fig.  5).  For  these  samples,  the 
yield  can  be  quite  high,  giving  graphene  concentrations  in  the  final 
dispersion  of  0.01-0.04  mg/ml  (Table  1).  The  strong  colour  differ¬ 
ence  may  be  an  indication  of  different  dispersion  and/or  interaction 


(a)  (b)- 

■  ■  ■  ■ 


Fig.  5.  Photograph  of  PIM-1 /graphene  composite  dispersions  with  different  colours: 
(a)  diluted  (x2)  A5  with  volume  ratio  of  Gr:PIM-l  =  0.17  and  (b)  Cl  with  volume  ratio 
of  Gr:PIM-l  =  0.14.  (A  colour  version  of  this  figure  can  be  viewed  online.) 
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of  graphene  within  PIM-1.  The  distribution  of  graphene  within  the 
polymer  is  also  expected  to  be  dependent  on  the  strength  of  in¬ 
teractions  between  the  individual  graphene  nanosheets  (z.e.  re¬ 
stacking),  which  is  strong  in  chloroform  solutions  due  to  the  poor 
stabilization  properties  of  the  solvent.  Therefore,  by  working  at  low 
concentration  of  graphene,  it  may  be  possible  to  improve  the 
interaction  of  graphene  with  the  polymer  by  minimizing  re¬ 
stacking  of  graphene.  Note  that  the  change  in  colour  is  not  due  to 
any  structural  damage  in  the  polymer,  as  PIM-1  peaks  are  clearly 
observed  in  the  absorption  spectra  and  diluted  dispersions  show 
the  typical  fluorescent  green  colour  of  PIM-1. 

3.2.  Raman  characterization  of  PIM-1 /graphene  composite 

Raman  spectroscopy  is  a  very  powerful  technique  for  the  char¬ 
acterization  of  graphene  [38,39].  This  technique  is  able  not  only  to 
identify  graphene  [40],  but  also  to  quantitatively  probe  defect 
concentrations  [41,42],  doping  [43],  strain  [44,45]  and  so  on.  Note 
however  that  Raman  results  of  MME  graphene  cannot  be  fully 
generalised  to  LPE  graphene.  The  Raman  spectrum  of  LPE  graphene 
can  be  strongly  affected  by  the  exfoliation  process:  during  soni- 
cation,  the  nanosheets  are  subjected  to  strong  mechanical  stress 
originating  from  the  process  of  formation  and  collapse  of  bubbles 
and  voids  in  the  liquid.  This  ultimately  breaks  the  flakes  into 
smaller  and  thinner  pieces  in  direct  contact  with  the  solvents. 
There  are  two  major  differences  between  the  Raman  spectrum  of 
LPE  and  MME  graphene.  Firstly,  the  first  order  Raman  spectrum  of 
LPE  graphene  is  typically  characterized  by  the  D  peak  8],  which  is 
activated  by  the  edges  of  the  nanosheets  having  the  size  of  nano¬ 
sheet  comparable  to  that  of  the  laser  spot  [46].  The  second  differ¬ 
ence  relates  to  the  2D  peak,  which  is  typically  used  for 
identification  of  single-layer  MME  graphene  [40].  LPE  graphene 
shows  a  more  complex  lineshape  [47-50],  which  may  be  caused  by 
structural  changes,  but  also  by  re-stacking  of  the  flakes.  Natural 
graphite  is  characterized  by  AB-stacking,  but  the  nanosheets  in  the 
dispersion  will  re-stack  in  random  stacking,  giving  complex  2D 
peak  lineshapes  as  observed  in  a  twisted  bilayer  [51,52]. 

In  previous  studies  [48-50],  we  used  a  simple  qualitative 
method  based  on  the  shape  of  the  2D  peak  to  distinguish  between 
single-layer  graphene  (SLG),  few-layer  sheets  (FLG,  restacked  or 
retaining  AB  stacking)  and  graphitic  material  (>10  layers  with  AB 
stacking).  This  method  is  based  on  the  evaluation  of  the  coefficient 
of  determination  R2,  when  fitting  the  peak  with  a  Lorentzian  line- 
shape:  the  closer  to  a  perfect  symmetric  single  peak  (R2  very  close 
to  1),  the  higher  the  probability  the  nanosheet  is  a  single-layer, 
while  an  asymmetric  shape  (low  R2)  is  used  to  identify  few 
layers.  Graphitic  (z.e.  unexfoliated)  nanosheets  have  characteristic 
peak  shape,  given  by  (at  least)  two  components,  typical  of  bulk 
graphite  with  its  natural  AB  stacking  [40].  We  have  tested  this 
method  with  several  dispersions  and  processing  conditions:  our 
previous  results  have  shown  that  the  qualitative  Raman  analysis 
obtained  following  this  protocol  is  in  agreement  with  the  results 
obtained  by  TEM  [48-50]. 

Dispersions  were  drop  cast  onto  silicon  and  20-50  isolated 
flakes  were  measured  for  each  dispersion  described  in  Table  1.  Fig.  6 
shows  typical  Raman  spectra  obtained  for  LPE  graphene  in  chlo¬ 
roform  (without  PIM-1,  sample  A0).  As  expected,  the  first  order 
Raman  spectrum  shows  a  clear  D  peak,  with  an  intensity  ratio 
between  D  and  G  peaks  typically  below  2,  as  observed  in  similar 
dispersions  [50].  By  analysing  the  shape  of  the  2D  peak  with  our 
protocol,  we  observed  that  the  dispersion  does  not  contain  any 
single-layer  material,  and  is  mostly  composed  of  few-  and  thick 
layers.  This  is  in  agreement  with  LPE  theory,  which  places  chloro¬ 
form  as  “poor  solvent  for  LPE  of  graphite”  [8]. 

Raman  spectroscopy  of  PIM-1 /Gr  composites  is  challenging 


Fig.  6.  Typical  Raman  spectra  of  LPE  graphene  in  chloroform.  For  comparison,  the 
typical  Raman  spectrum  for  SLG  obtained  from  graphene  dispersion  in  NMP  is  also 
shown.  (A  colour  version  of  this  figure  can  be  viewed  online.) 

because  of  PIM-1  strong  photoluminescence,  which  hides  the 
Raman  signal,  when  measured  at  the  most  used  laser  excitation  of 
514  nm  (Fig.  7(a)).  However,  by  changing  the  wavelength  of  the 
laser,  the  photoluminescence  can  be  easily  removed  from  the 
spectral  range  of  interest.  Fig.  7(b,c)  shows  the  Raman  spectrum  of 
PIM-1  measured  at  633  nm:  there  are  several  Raman  peaks  in  the 
region  between  1300  and  1700  cm-1,  which  partially  overlap  with 
the  Raman  features  of  LPE  graphene.  Therefore,  in  order  to  clearly 
see  the  G  and  D  peak  of  graphene,  the  Raman  spectrum  of  pure 
PIM-1  was  subtracted  from  the  Raman  spectrum  of  PIM-1 /Gr,  using 
the  PIM-1  peak  at  1400  cm-1  to  normalize  the  spectra.  The  spectra 
obtained  in  this  way  clearly  shows  the  G  and  D  peaks  typical  of  LPE 
graphene  (Fig.  7(b)).  However,  the  first  order  Raman  spectrum  does 
not  offer  any  information  on  the  thickness  of  the  graphene  nano¬ 
sheets.  Analysis  of  the  shape  of  the  2D  peak  at  around  2700  cm-1 
can  provide  thickness  information.  Because  there  are  no  PIM-1 
Raman  features  in  this  region  of  the  spectrum  obtained  with 
excitation  energy  at  633  nm  (Fig.  7(c)),  we  can  directly  observe  the 
2D  peak  for  the  PIM-1 /Gr  membranes.  This  allows  unambiguous 
identification  of  the  presence  of  graphene  nanosheets  in  the 
membrane  by  using  Raman  Spectroscopy.  However,  if  the  graphene 
concentration  within  the  membrane  is  very  low  ( e.g .  set  C),  then  the 
2D  peak  may  be  hardly  visible  and  very  long  measurements  will  be 
needed  to  resolve  the  2D  peak,  with  the  risk  of  damaging  the 
sample. 

Fig.  7(c)  shows  that  the  2D  peak  obtained  for  PIM-1 /Gr  com¬ 
posite  samples  are  clearly  asymmetric:  the  Lorentzian  fit  gives  a  R2 
coefficient  always  well  below  0.99,  indicating  that  none  of  the 
flakes  is  a  single-layer.  Graphitic  material  was  also  rarely  observed: 
more  than  95%  of  the  Raman  spectra  of  the  PIM-1 /Gr  composites 
showed  a  2D  peak  characteristic  of  re-stacked  few  layer  graphene. 
Several  methods  were  tested  for  membrane  deposition  including 
drop  casting  and  spin  coating.  Although  the  films  showed  different 
surface  morphology  under  the  optical  microscope,  Raman  spec¬ 
troscopy  did  not  show  any  strong  difference  between  the  different 
deposition  techniques. 
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Fig.  7.  Raman  spectra  of  PIM-l/Gr  composite  samples  measured  at  (a)  514  nm  and  (b,c) 
633  nm.  Panels  b  and  c  also  show  the  Raman  spectrum  of  PIM-1  and  the  composite 
spectrum  after  PIM-1  signal  was  subtracted.  (A  colour  version  of  this  figure  can  be 
viewed  online.) 


3.3.  STEM  and  EELS  imaging 

STEM  investigations  were  performed  on  PIM-l/Gr  membranes 
prepared  by  spin-coating  the  dispersions  onto  a  glass  side  and  then 
transferring  the  film  onto  a  holey  carbon  TEM  grid.  The  thickness  of 
the  membranes  was  optimised  by  careful  control  of  the  PIM-1 
concentration  in  the  spin  coating  solution  as  reported  previously 
in  Ref.  [53].  Fig.  8(a-d)  shows  bright  field  (BF)  STEM  images  (left) 
and  the  simultaneously  acquired  medium  angle  annular  dark  field 
(MAADF)  STEM  images  (right)  for  graphene  flakes  embedded  in 
free-standing  PIM-1  /Gr  membranes.  Comparing  these  two  imaging 
modes,  one  can  immediately  note  that  the  MAADF  contrast  is 
greater,  allowing  the  morphology  of  the  graphene  flakes  to  be  more 
clearly  observed.  The  MAADF  image  intensity  depends  on  the 
structure  and  the  density  of  the  material.  In  these  composite 
membranes  the  PIM-1  matrix  is  amorphous,  while  the  graphene 
flakes  are  crystalline.  By  optimal  selection  of  the  collection  angle 
used  for  imaging,  it  is  therefore  possible  to  obtain  a  significantly 
higher  intensity  on  the  MAADF  detector  as  a  result  of  diffraction  in 
the  crystalline  graphene  material.  The  atomic  number  of  both 
materials  is  similar  but  the  greater  density  of  the  graphitic  material 
(2.2  g/cm3)  compared  to  PIM-1  (0.9  g/cm3)  [23]  also  acts  to  increase 
the  scattering  to  medium  and  high  angles  and  hence  improve  the 
contrast  of  the  MAADF  compared  to  the  BF  image. 

The  membrane  shown  in  Fig.  8(a-b)  has  a  thickness  of  just 
35  nm  (see  experimental  method).  The  varying  intensity  of  the 
graphene  flakes  in  Fig.  8(b)  indicates  that  different  thicknesses  are 
present  in  the  membrane.  Electron  diffraction,  shown  in  Fig.  9(c) 
reveals  that  the  flakes  are  misoriented  suggesting  these  are 
restacked  rather  than  that  the  original  graphite  has  not  been 
exfoliated.  As  mentioned  previously,  the  MAADF-STEM  image  in 
Fig.  9(a)  offers  better  contrast  than  the  BF-TEM  image  in  Fig.  9(b). 
Close  inspection  of  the  flake  morphology,  also  indicates  that  the 
flakes  are  folded  and  re-aggregated,  which  is  most  likely  to  have 
occurred  prior  to  solvent  evaporation  during  deposition  of  the  PIM- 
l/Gr  membrane.  Fig.  8(c— d)  displays  BF-  and  MAADF-STEM  images 
of  graphene  flakes  within  a  500  nm  thick  free-standing  PIM-l/Gr 
membrane.  In  this  case,  the  membrane  is  much  thicker,  allowing 
the  graphene  flakes  to  lie  perpendicular  to  the  plane  of  the  film.  The 
graphene  flakes  can  be  then  imaged  parallel  to  the  basal  plane.  The 
disorder  observed  for  these  flakes  when  viewed  side-on  is  consis¬ 
tent  with  the  re-aggregation  mentioned  previously.  Moreover,  in 
both  films  the  presence  of  large  pores  can  be  observed  in  close 
proximity  to  the  graphene  flakes  (indicated  by  the  arrows  in 
Fig.  8(a-d).  The  pores  shown  in  Fig.  8(a-b)  are  likely  to  have  been 
formed  during  the  formation  of  the  membranes  (evaporation  of  the 
solvent),  while  the  ones  in  Fig.  8(c— d)  are  beam  sensitive  and  likely 
to  have  been  formed  as  a  result  of  electron  beam  irradiation  of  the 
sample.  In  the  thicker  films  the  pores  can  be  seen  to  lie  at  the 
interface  between  the  basal  plane  of  the  graphene  and  the  PIM-1 
suggesting  that  the  van-der-Waals  interaction  between  the  PIM-1 
and  the  graphene  flakes  is  the  weakest  point  in  the  material. 

Fig.  10  shows  STEM-EELS  imaging  of  a  graphene  flake  embedded 
in  a  35  nm  thick  PIM-l/Gr  membrane.  Analysis  of  the  shape  of  the 
EELS  C-I<  edge  at  an  energy  loss  of  283  eV  allows  the  planar  sp3 
content  to  be  measured  using  the  method  reported  in  Refs.  [30]  and 
[54].  For  very  thin  specimens  like  these,  the  graphene  flakes  lie  in 
the  plane  of  the  membrane.  It  follows  that  the  measurement  of  the 
planar  sp3  content  (see  experimental  method),  is  then  sensitive  to 
the  number  of  layers  in  the  graphene  flakes  because  of  the  aniso¬ 
tropic  distribution  of  the  sp3  bonding.  Indeed,  by  optimising  the 
experimental  conditions  to  employ  a  large  EELS  collection  angle  of 
62  mrad,  we  are  able  to  probe  scattering  perpendicular  to  the 
electron  beam  [55],  i.e.  mainly  the  Is  to  a*  transition  of  the  gra¬ 
phene  flakes  in  our  geometry.  Consequently,  the  steps  observed  in 
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Fig.  8.  (a,c)  BF-STEM  and  (b,d)  MAADF-STEM  images  of  graphene  flakes  in  a  PIM-1  composite  membrane  showing  folding  of  the  graphene  flakes  and  the  formation  of  large  pores  in 
the  regions  of  the  PIM-1  film  indicated  by  the  arrows.  In  (a,b)  the  presence  of  the  amorphous  carbon  TEM  support  grid  can  be  seen  top  right.  Scale  bar  in  (1-b)  and  (c— d)  are  200  nm 
and  20  nm,  respectively. 


Fig.  9.  (a)  MAADF-STEM,  (b)  BF-TEM  images  and  (c)  the  corresponding  diffraction  pattern  of  a  graphene  flakes  in  a  PIM-1  composite  membrane  showing  the  flakes  are  misoriented, 
suggesting  the  re-stacking  of  the  flakes.  The  dash  line  ellipse  in  (a-b)  indicates  the  position  of  the  flake.  Scale  in  (a-b)  and  (c)  are  100  nm  and  5  nm-1,  respectively.  (A  colour  version 
of  this  figure  can  be  viewed  online.) 


the  sp3  planar  content  map  (Fig.  10(b))  are  directly  related  to  the 
thickness  of  the  graphene.  Moreover,  this  method  allows  imaging 
the  graphene  flakes  embedded  in  the  polymer  matrix  with  a  high 
signal-to-background  ratio.  Fitted  spectra  corresponding  to 
different  positions  within  the  spectrum  image  shown  in  Fig.  10(b) 
are  displayed  in  Fig.  10(d-f).  The  a*  intensity  (filled  green  curve)  is 
greater  in  the  region  of  the  sample  containing  a  thick  graphene 
flake  than  in  regions  where  the  graphene  is  thinner  (Fig.  10(f)).  The 
a*  intensity  is  lower  still  in  the  areas  of  the  sample  containing  only 


PIM-1  (Fig.  10(d)). 

Figure  10(c)  shows  a  high  resolution  BF-STEM  image  of  the 
folded  edge  region  in  the  area  indicated  by  the  small  black  dashed 
rectangle  in  Fig.  10(a).  In  this  case,  high  resolution  imaging  allows 
confirmation  of  the  graphitic  nature  of  this  flake  and  also  the  flake 
thickness  to  be  determined  as  each  fringe  corresponds  to  an  indi¬ 
vidual  layer:  this  fold  is  observed  to  contain  12  graphene  layers. 
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Fig.  10.  STEM-EELS  analysis  of  folded  and  restacked  graphene  flakes  within  a  PIM-l/Gr  composite  membrane:  (a)  MAADF-STEM  image  (b)  Map  showing  the  intensity  of  the  sp3 
bonding  component  of  the  C— 1<  edge  for  the  area  marked  by  the  large  blue  dashed  rectangle  in  (a),  (c)  High  resolution  BF-STEM  image  of  the  area  marked  with  the  small  black 
dashed  rectangle  in  (a)  showing  a  folded  edge  region.  The  fold  allows  the  thickness  in  this  area  to  be  determined  as  12  layers,  (d-f)  Fit  of  the  C— K  edge  for  different  positions  within 
the  spectrum  image.  The  experimental  data  and  the  model  are  plotted  with  red  dots  and  a  blue  line,  respectively.  The  filled  curves  correspond  to  the  five  Gaussian  functions  used  in 
the  fitting  model.  The  scale  bar  in  (a-b)  corresponds  to  100  nm.  (A  colour  version  of  this  figure  can  be  viewed  online.) 


4.  Conclusions 

We  have  demonstrated  the  first  detailed  characterisation  of 
PIM-1 /graphene  composite  membranes  by  using  complementary 
techniques  such  as  UV-Vis  spectroscopy,  Raman  spectroscopy, 
STEM  imaging  and  EEL  spectroscopy.  UV-Vis  spectroscopy  allowed 
the  graphene  concentration  to  be  determined,  revealing  that 
greater  exfoliation  yield  was  obtained  for  low  initial  graphite  con¬ 
centrations.  We  have  demonstrated  that  the  presence  of  PIM-1 
enhances  the  direct  exfoliation  of  graphene  in  chloroform, 
although  the  efficiency  of  the  process  and  stability  of  the  resulting 


dispersion  strongly  depends  on  the  graphene  concentration. 
Chloroform  is  known  to  be  a  poor  solvent  for  liquid-phase  exfoli¬ 
ation  [8],  therefore  we  also  investigated  the  use  of  N-Methyl-2- 
pyrrolidone  (NMP).  NMP-based  graphene  dispersions  were  added 
to  the  monomers  and  polymerization  in  NMP  was  performed. 
However,  the  process  failed  as  the  right  molar  mass  could  not  be 
reached  and  graphene  was  also  observed  to  oxidize,  due  to  the 
relatively  high  temperature  needed  for  polymerization.  The  limited 
choice  of  solvents  may  raise  issues  on  the  scalability  of  the  process. 

Raman  spectroscopy  for  these  materials  is  challenging  because 
of  PIM-l's  strong  photoluminescence.  However,  by  selecting  a  laser 


Y.  Shin  et  al.  /  Carbon  102  (2016)  357-366 


365 


wavelength  of  633  nm,  it  is  possible  to  clearly  observe  the  2D  peak 
of  graphene,  which  provides  information  on  the  thickness  of  the 
material.  STEM  allows  the  distribution  and  morphology  of  the 
nanosheets  to  be  investigated  at  higher  spatial  resolution  than  is 
possible  using  Raman  spectroscopy.  We  have  demonstrated  that 
high  signal-to-background  images  of  the  flakes  can  be  obtained 
using  MAADF  and  EELS,  where  the  EEL  spectrum  images  are  formed 
using  the  sp3  planar  content  of  the  C-I<  edge.  Together  with  com¬ 
plementary  electron  diffraction  data,  these  images  provide  further 
information  on  the  local  morphology  and  thickness  of  the  nano¬ 
sheets.  Both  Raman  Spectroscopy  and  STEM  characterisation 
revealed  that  the  composite  PIM-1  membranes  produced  in  this 
work  contained  no  monolayer  graphene  material,  but  did  contain 
folded  and  re-stacked  few  layer  graphene  nanosheets  (3-15  layers 
thick)  with  lateral  size  of  -100-300  nm.  Our  results  indicate  that 
there  is  strong  re-stacking  of  initially  exfoliated  graphene  in  solu¬ 
tion  when  forming  the  composite.  This  is  expected  to  produce 
strong  changes  in  the  mechanical  properties  and  the  physical  aging 
of  the  membrane. 
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